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Primeroverexpression triggered a G0/G1-like arrest. Thus, it has been proposed 
that Plk5 function is related to stress 
responses. 
Are Plks attractive drug targets for 
cancer treatment? Yes and no — the 
future will tell. So far, the focus has 
been on targeting Plk1: human Plk1 
is highly expressed in proliferating 
tissues, often upregulated in tumors, 
and elevated expression in tumors 
is associated with poor prognosis. 
Furthermore, overexpression of Plk1 
leads to transformation of cultured 
cells, likely via the stimulation of 
a mitotic transcription program 
involving the transcription factor 
FOXM1. In addition, it is in principle 
possible to interfere with Plk1 
function not only via the usual route 
of ATP-competitive inhibitors (which 
of course raises concerns about 
specificity), but also by interfering 
with PBD binding to docking 
proteins. Several early cell-culture 
studies had suggested that tumor 
cells may be more sensitive to Plk1 
inhibition than normal cells, but 
whether a sufficient therapeutic 
window can be found in a clinically 
relevant context remains to be 
determined. Several Plk1 inhibitors 
are presently in clinical trials and 
it will be interesting to see how 
these agents fare for the benefit of 
patients.
Where can I find out more?
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Richard Shine
Most small children can tell you that 
‘reptiles’ are the snakes, lizards, 
crocodiles, and turtles (perhaps with 
the dinosaurs thrown in) — suggesting 
that it’s easy to tell the difference 
between reptiles and other animals. 
Unfortunately, evolutionary biologists 
struggle with the same task, because 
phylogenetic analysis tells us loud 
and clear that these different types of 
what we loosely call ‘reptiles’ are not 
particularly closely related to each 
other (Figure 1). On the evolutionary 
tree, some of them (dinosaurs, 
crocodiles) are much more closely 
related to birds than to the other 
animals that we call reptiles. Other 
reptiles are the descendants of 
very ancient lineages; for example, 
turtles separated from the other 
reptiles, including the now-dominant 
Squamata (lizards and snakes), at 
least 200 million years ago. And 
another 200-million-year-old lineage 
has left just a single survivor, a lizard-
like creature (the tuatara), on a few 
islands in New Zealand.
So, why do we still talk about 
‘reptiles’, when an analysis based on 
shared derived traits (cladistics) says 
that the Reptilia are not a ‘natural’ 
(monophyletic) evolutionary group 
for which a single common ancestor 
can be defined that excludes all non-
reptiles such as birds (Figure 1)? The 
reason is that a comparison based 
on external morphology (phenetics) 
would yield the opposite conclusion: 
for example, crocodiles and tuataras 
really do look a lot like lizards. For 
example, they share a distinctive 
body shape, and are covered in 
scales. It is this outer resemblance 
which led to the concept of the 
Reptilia, and which has kept it 
alive and kicking even though the 
creatures known as reptiles are 
only distantly related to each other. 
So, the problem with defining the 
Reptilia actually throws up an 
interesting biological puzzle: given 
their divergent ancestries, why do 
these animals all look so much alike? 
The answer involves a fundamental 
feature of reptiles: the way in which 
they control their body temperature.Taking the heat
By and large (with more than 8,000 
species, there are exceptions to almost 
every rule), reptiles are ectotherms. 
That is, they rely upon ambient 
thermal heterogeneity to regulate 
their internal temperatures — for 
example, by basking in sunlight to 
become warm, and moving to shade 
to cool down. This tactic is in striking 
contrast to endotherms, such as 
birds and mammals, which rely upon 
metabolic heat production to maintain 
a high and relatively constant internal 
temperature. Endotherms are like 
racing cars — they keep their engines 
revving at high speed most or all of the 
time and so can perform at high speed. 
For example, they not only can move 
quickly, but they can also maintain 
that speed because their hearts and 
lungs can deliver extra oxygen to 
the muscles that are doing the hard 
work. And because they generate their 
own heat, endotherms can function 
effectively even in cold conditions.
At first sight, this looks like a clear 
case of an evolutionary advance: 
the primitive cold-blooded low-
performing reptiles have been 
replaced by sophisticated high-
performing mammals and birds. But 
that interpretation is wrong: first, 
ectotherms have not been replaced 
by endotherms, and when you include 
fish there are a lot more species 
of ectothermic vertebrates than 
endothermic vertebrates. Indeed, some 
authorities believe that crocodilians 
evolved from endothermic ancestors — 
something we wouldn’t expect to 
happen if endothermy was ‘better’. 
Second, ectotherms are not ‘cold-
blooded’ — a desert lizard may run 
around with a higher body temperature 
than the rodent who lives in the 
adjacent burrow. The fundamental 
difference between endotherms and 
ectotherms is in the source of the heat 
used to regulate body temperature: 
endotherms make their own, whereas 
ectotherms exploit environmental heat. 
Because ectotherms do not need to 
create their own heat, their metabolic 
rates are about one-tenth of those of 
a similar-sized endotherm, massively 
reducing energy needs. They can’t fuel 
sustained muscular activity by aerobic 
means, but they have a fallback, as 
anaerobic metabolism usually can 
keep them going long enough to find 
the food item or shelter that they 
require. If endotherms are racing cars, 
ectotherms are pushbikes, less capable 
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Figure 1. A phylogenetic tree of the major amniote vertebrate lineages.
The tree shows evolutionary relationships among mammals, birds and “reptiles”, as well as the 
approximate number of species within each group. The creatures we call “reptiles” actually 
belong to four separate lineages. Photographs by Ruchira Somaweera, Travis Child (turtle) and 
Gordon Grigg (tuatara).of high performance, but a lot less 
expensive to run. So in any environment 
where food is limited — especially if 
that limitation occurs sporadically and 
unpredictably — ectotherms have a 
huge trump card. They can simply 
reduce activity levels and wait until it 
rains again, or until the next pulse of 
food arrives (Figure 2). Lacking that 
option, endotherms must either migrate 
or starve.
Why does ectothermy affect the 
shapes and sizes of reptiles – for 
example, why does it make crocodiles 
look like lizards? Because ectothermy 
removes the constraints on body sizes, 
body shapes and external insulation 
(fur, feathers) that are enforced by 
endothermy, reptiles have evolved 
into the shapes best suited for their 
ecological functioning. Endotherms 
face much greater constraints; for 
example, they need to be large because they require a low surface 
area-to-volume ratio (to prevent 
metabolic heat being lost across the 
body surface). The group that has most 
effectively exploited the opportunities 
afforded by a small slender body is 
the Squamata (lizards and snakes), 
which accounts for more than 95% 
of living reptile species. For example, 
mean adult mass is less than 10 g 
in more than one quarter of lizard 
species (resulting in only minimal 
overlap between lizards and mammals 
in terms of adult body size); and 
most squamates are far more slender 
than any endotherm. The freedom 
from heat-conservation also allows 
ectotherms to forego heat-retaining 
coverings such as fur and feathers — 
water-resistant scales work just fine. 
Similarities in appearance among 
living reptiles, despite their disparate 
ancestries, suggests that selection has often favoured bodily elongation, small 
body size, scalation, and the flexible 
adjustment of activity levels and 
lifestyles to local conditions. 
The low energy needs of reptiles 
enable them to thrive in ecological 
circumstances where food supply 
is low and episodic. For example, a 
large rattlesnake or python that lies in 
ambush for passing prey can survive, 
grow and breed successfully even if it 
only manages to capture a prey item 
once every month or two. Those meals 
can be spread out, or concentrated 
in a brief period each year — as in 
the crocodiles that wait to intercept 
migrating wildebeest in the African 
veldt, or island-dwelling Chinese 
pit-vipers that gorge during the brief 
seasonal migration of passerine 
birds from overwintering areas in 
southeast Asia to breeding areas in 
Siberia (Figure 2). More generally, 
many reptiles undergo long periods of 
inactivity interrupted by brief pulses 
of activity — a dramatic contrast to 
the almost-incessant activity of many 
endotherms. Indeed, the notion of 
time itself is very different for the two 
types of animals. For an alpine lizard, 
a month of unseasonally cold weather 
passes quickly — the animal is hidden 
safely within its burrow, with a body 
temperature so low that it is torpid, and 
spending very little energy. For a bird 
or mammal living in the same area, that 
cold month may pose a huge challenge 
because a lot of energy is needed 
to maintain a high and stable body 
temperature. 
Life in cold blood
It is difficult to overstate the central 
role of ambient temperatures in 
reptile biology. Many of the most 
distinctive traits of reptiles reflect 
their sensitivity to even minor thermal 
variation, and elegant adaptations 
that fine-tune their bodies and 
behaviours to the thermal environment 
that they encounter. Species that 
select low body temperatures have 
physiological systems that are adapted 
to function most effectively at those 
temperatures, whereas species that 
select high body temperatures have 
physiological traits that provide peak 
performance at those thermal regimes. 
To maintain their body temperatures 
within optimal ranges, reptiles search 
for microhabitats that offer specific 
conditions. We are all familiar with the 
way that diurnal lizards move between 
sun and shade to maintain stable 
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Figure 2. Ectothermy allows reptiles to specialize on food resources that are available only briefly.
On a small island in north-eastern China, pit-vipers (Gloydius shedaoensis) are active for only a 
few weeks in spring and a few weeks in autumn, when migrating passerine birds provide abun-
dant feeding opportunities. For the rest of the year, the low energy costs of ectothermy allow the 
snakes to remain inactive with minimal metabolic expenditure. Photograph by Xavier Bonnet.body temperatures, but a reptile’s 
ability to behaviourally regulate its own 
temperatures starts much earlier in life. 
Even before they hatch, turtle embryos 
can ‘bask’ within the egg by moving 
towards a hot-spot in the part of the 
egg closest to the sun-warmed soil 
surface.
The life-history traits of reptiles 
have evolved to deal with the 
challenges imposed by fluctuating 
ambient temperatures. For example, 
breeding activity of many species 
is concentrated in warmer seasons, 
when high temperatures facilitate 
development of their offspring. Nest 
temperatures can profoundly modify 
the phenotypic traits of those progeny 
(such as their body size, shape, 
locomotor performance and learning 
ability) and thus, female reptiles 
carefully place their eggs into sites 
that will provide suitable thermal 
conditions. In species that occur 
over a broad climatic range, judicious 
changes in nest depth, and in the 
degree of shade over the nest, can 
enable eggs to experience very similar 
conditions throughout the species’ 
range. However, the precise conditions 
inside a nest are not predictable at the 
time that a female lays her eggs — for 
example, local weather may result in 
some nests being much warmer than 
others. Such unpredictable variation 
can translate into strong effects on 
hatchlings, for example, a warm 
nest may produce early-hatching, 
fast-running, fast-growing offspring, 
whereas a cold nest will produce 
smaller, slower, weaker progeny. This 
dependence of offspring phenotypes 
on unpredictable incubation conditions 
has resulted in the evolution of a 
remarkable life-history adaptation in 
reptiles: temperature-dependent sex 
determination.
If specific incubation-sensitive 
phenotypic traits of the offspring affect 
fitness more in one sex than the other 
(for example, males may benefit more 
from earlier hatching or faster growth 
than do females), natural selection may 
favour a mode of sex determination 
that enables a hatchling to develop as 
the sex best-suited to its incubation 
history. In this system, the sex of a 
hatchling is determined not by its 
genes, but by the temperatures that 
it experiences during development. 
Temperature-dependent sex 
determination occurs in all crocodilians 
and in the tuatara, and has evolved 
independently in many lineages of turtles and lizards. Remarkably, it even 
occurs in lizard species, such as the 
Australian three-lined skink Bassiana 
duperreyi, with sex chromosomes 
(female = XX, male = XY just like in 
mammals). In this case, incubation 
temperature simply over-rides the sex 
chromosomes to produce XX as well 
as XY males.
The impact of nest temperatures 
also has driven one of the most 
profound life-history shifts in reptiles: 
the switch from oviparity (egg-laying) 
to live-bearing (viviparity). All turtles, 
crocodilians and the tuatara are egg-
layers, but more than 100 lineages of 
lizards and snakes have independently 
made the transition to live birth 
(compared to only a single such 
transition in mammals, none in birds, 
about 5 in amphibians, and about 40 in 
fishes). A few lizard species exhibit a 
reproductive mode very much like that 
of eutherian mammals — small almost 
yolkless eggs, with nutrients for the 
developing young provided through 
the placenta during a long pregnancy. 
But most viviparous reptiles retain the 
large yolky eggs of oviparous species, 
they simply delete the eggshell and 
keep the egg inside the mother’s 
uterus until they give birth to a fully 
functional offspring. The transition 
from egg-laying to live-bearing has 
required a series of transitional stages 
with increasingly high proportions of 
development being spent inside the 
mother’s body before the eggs are laid 
in a nest. Those intermediate stages are found mostly in cold environments 
where nest temperatures are so low 
that eggs develop only slowly or 
produce offspring whose phenotypes 
have been negatively affected by their 
incubation conditions. By retaining 
their developing embryos inside their 
bodies, mothers can manipulate the 
thermal regimes under which their 
offspring develop. Viviparity has thus 
enabled reptiles to extend their range 
into severely cold climates: European 
adders (Vipera berus), for instance, 
survive and breed successfully inside 
the Arctic Circle.
Even in egg-laying species, female 
reptiles are adept at finding or creating 
suitable incubation conditions. In some 
species, females travel a long way to 
find hotspots that provide ideal thermal 
conditions — for example, European 
grass snakes (Natrix natrix) search for 
rotting manure piles in farmyards, and 
Galapagos land iguanas (Conolophus 
subcristatus) scramble up the sides of 
active volcanoes to lay their eggs in 
geothermally heated soil. Abandoning 
ectothermy during motherhood, 
females of many python species curl 
tightly around their eggs and shiver 
(just as humans do when we are cold) 
to generate metabolic heat and thus, 
keep their eggs warm.
After the offspring are born, they 
usually go their own way. Although 
nest-guarding occurs in all crocodilians 
and many lizards and snakes, post-
hatching parental care is rare among 
reptiles. Nonetheless, it is probably 
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Figure 3. Underestimated reptiles.
Traditional views of reptiles as unintelligent aso-
cial creatures have come under strong attack in 
recent years. For example, sleepy lizards (Tili-
qua rugosa, top) exhibit long-term monogamy, 
whereas Gidgee Skinks (Egernia stokesii, bot-
tom) live in family groups. Photographs by Dale 
Burzacott (top) and Aaron Fenner (bottom).more common than we currently 
understand. Alligators and crocodiles 
assist their young to hatch (alerted by 
the youngster’s cries from within its 
egg), and carry the baby from the nest 
down to the water’s edge; some female 
alligators attend their developing 
offspring for several months, and 
defend them against predators. Such 
behaviour in crocodilians may reflect 
their close evolutionary relatedness to 
birds, a group with extensive parental 
care. Turtles are less social, but some 
squamates form complex societies 
of closely related individuals. For 
example, rock-dwelling skinks (Egernia 
saxatilis) live in family units: male–
female pairs remain together, with their 
offspring from previous years, and 
protect those offspring from potentially 
lethal neighbours. In a related species 
of large scincid lizard (Tiliqua rugosa), 
long-term studies have revealed 
monogamous pairs that in some cases, 
can persist for more than 20 years. The 
partners spend most of the year apart, 
but search for each other before the 
mating season, and reject other suitors 
(Figure 3).
Cases such as these suggest 
that we may have seriously 
underestimated the complexity and 
sophistication of social behaviour in 
reptiles. One major reason for that 
neglect has been the central role of chemical communication, rather 
than visual cues, in the interactions 
among individuals. For example, 
snakes continually flick their forked 
tongues in and out of their mouths, 
picking up scents and analysing 
them with the vomeronasal organ in 
the roof of the mouth. As visually-
oriented animals ourselves, we 
readily appreciate the ways that 
many birds and coral-reef fishes 
display to each other using colours 
and movements; but fail to detect 
(and thus, to understand) the subtle 
chemical cues with which reptiles 
communicate. It is increasingly clear 
that reptiles can send and interpret 
complex information via scent cues, 
for example, they can recognise other 
individuals, or kin as opposed to non-
kin. Experimental trials at snake dens 
on the Canadian prairies have shown 
that courting male gartersnakes 
(Thamnophis sirtalis) can use scent 
to evaluate a conspecific’s sex, body 
length, body condition, reproductive 
status and mating history, all with 
a few tongue-flicks. Males direct 
courtship only to snakes that bear 
‘female’ skin lipids, a response that 
is exploited by males in the first few 
days after they emerge from their long 
(8-month) winter hibernation. It takes 
a few days for a snake to recover 
from that long period of inactivity, and 
newly-emerged males (“she-males”) 
can shorten that time by producing 
female-like pheromones. They thus, 
obtain a free massage as well as a 
transfer of heat from amorous earlier-
emergers. We still have much to learn 
about the richness of pheromonal 
communication systems in reptiles.
Reptile diversity
The small body sizes and low energy 
needs of reptiles often translate 
into small home ranges and thus 
very low rates of gene flow among 
populations, creating more or less 
isolated subpopulations even within 
widely distributed species. Population 
genetic studies have shown that a few 
reptile species — notably marine taxa, 
such as sea turtles and the pelagic 
sea snake Pelamis platura — travel 
large distances and hence show 
little genetic differentiation over 
large spatial scales. More commonly, 
however, low connectivity allows local 
populations to diverge in important 
ways. Thus, intraspecific variation in 
morphology, physiology and behaviour 
is the rule, not the exception. For example, mating systems and 
patterns of sexual dimorphism differ 
strikingly among populations of 
Australian carpet pythons (Morelia 
spilota). In populations where males 
fight with each other for access to 
females, larger body size enables a 
male to defeat his rivals and is thus 
favoured by sexual selection. The 
evolutionary result is that males grow 
much larger than females. In other 
populations of this species, however, 
the males tolerate their rivals (they 
form large breeding aggregations 
without any sign of male hostility) 
and males remain much smaller than 
females.
This system also shows how 
local prey resources can modify 
the effects of sexual selection. The 
sexual dimorphism of carpet pythons 
depends upon local prey availability. 
On one small island where the only 
common mammals are mice and 
kangaroos, adult male pythons grow 
to less than 200 g and feed mostly 
on mice, whereas adult females can 
grow to more than 4 kg and feed 
mostly on small kangaroos. On islands 
with a wider range of edible mammal 
species, the size dimorphism is much 
less pronounced. An even more 
remarkable example of intraspecific 
variation involves the Australian 
burrowing skink Lerista bougainvillii. 
Most populations retain the ancestral 
condition of oviparity (egg-laying), but 
two separate populations in different 
parts of the species’ range have 
independently made the transition to 
viviparity. Thus, this single species 
of small lizard shows more shifts 
from oviparity to viviparity than all 
mammals and birds combined. More 
generally, reptiles exhibit remarkably 
flexible responses to local conditions, 
sculpted by factors such as local 
climates, food availability and sexual 
selection.
The local differentiation that 
results from low rates of gene flow 
across the landscape raises many 
problems for taxonomists and wildlife 
managers. Analyses of widespread 
reptile species using molecular 
techniques often reveal far greater 
diversity than was suggested by 
earlier morphologically-based studies, 
massively increasing the number 
of taxa recognised. Inevitably, the 
restricted distributions of some of 
those newly-recognised taxa pose 
headaches for conservation: it’s much 
easier to conserve a few populations 
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Circadian clock 
determines the 
timing of rooster 
crowing
Tsuyoshi Shimmura1  
and Takashi Yoshimura1,2,3,* 
Crowing of roosters is described 
by onomatopoetic terms such as 
‘cock-a-doodle-doo’ (English), ‘ki-
ke-ri-ki’ (German), and ‘ko-ke-kok-
koh’ (Japanese). Rooster crowing 
is a symbol of the break of dawn in 
many countries. Indeed, crowing is 
frequently observed in the morning 
[1]. However, people also notice that 
crowing is sometimes observed at 
other times of day. Therefore, it is 
yet unclear whether crowing is under 
the control of an internal biological 
clock, or is simply caused by external 
stimuli. Here we show that predawn 
crowing is under the control of a 
circadian clock. Although external 
stimuli such as light and crowing 
by other individuals also induce 
roosters’ crowing, the magnitude of 
this induction is also regulated by a 
circadian clock.
To test whether crowing of roosters 
is under the control of an internal 
biological clock (i.e., circadian clock), 
or is instead controlled by external 
stimuli such as light and other 
roosters’ crowing, we first recorded 
crowing under 12-h light:12-h dim 
light (12L12dimL) and constant 
dim light (dimLL) conditions. Since 
crowing has been classified as a 
warning signal advertising territorial 
claims, and it challenges or threatens 
intruding males [2], the number of 
crows decreased significantly under 
isolated conditions (data not shown). 
Therefore, we housed four inbred 
PNP roosters in each group [3]; a 
total of three groups were examined. 
The experiments were conducted 
in a light- and sound-tight room. 
In order to avoid pecking, roosters 
were introduced into individual 
experimental cages that were placed 
separately within the room. Crowing 
was recorded all day, simultaneously 
using an IC recorder and a digital 
video camera equipped with a near-
infrared illuminator. Since roosters 
Correspondencesof a widespread species than to be faced with the challenge of conserving 
every population because all are 
distinctive. Undoubtedly, some reptile 
species have already gone extinct 
before we even knew they existed. 
But a lot remain to be discovered: for 
example, a single square kilometre 
of Australian desert can contain 
14 co-existing species of the lizard 
genus Ctenotus (many of them so 
similar that only an expert can tell 
them apart). On Caribbean islands, 
tree-dwelling anoline lizards similarly 
occur at remarkably high densities 
and diversities. Reptile conservation 
thus has the problem that on the one 
hand these small secretive animals 
do not attract much sympathy from 
the public, and on the other there are 
vast numbers of genetically distinct 
reptile populations whose loss would 
significantly erode biodiversity.
Many of the threats that affect all 
animals also affect reptiles, such as 
habitat degradation, new predators, 
and overexploitation. Some of the 
most worrying cases involve turtles, 
highly prized as traditional food and 
medicine in many Asian countries. 
Most turtles have very ‘slow’ life-
histories, requiring several years to 
reach maturity, and reproducing at 
low rates. In such animals, even a 
small increase in adult mortality can 
cause rapid population declines. It 
is difficult to see how wild turtles 
will survive into the next century 
over much of Asia. Crocodilians 
also are under substantial hunting 
pressure, reflecting the economic 
value of their skins, but so far 
have proved surprisingly resilient. 
Many field biologists believe that 
reptile populations have declined 
precipitously over the last few 
decades, and fears are growing that 
reptiles may follow amphibians into an 
extinction vortex.
The central role of temperature in 
reptile biology suggests that climate 
change will have enormous impacts 
on many reptiles. It has already 
affected breeding phenology in some 
species. Thermal effects can ramify 
through all aspects of reptilian society 
and reproduction. For cold-climate 
reptiles, higher temperatures may 
bring benefits. For example, warmer 
springtime weather translates into 
longer mating seasons for Swedish 
sand lizards (Lacerta agilis), thereby 
increasing mating opportunities and 
thus, the average number of males with which a female mates. This 
multiple mating enhances offspring 
viability because females of this 
species selectively use sperm from 
distantly related males to fertilise their 
eggs, thereby avoiding inbreeding. 
In contrast, global warming poses 
severe thermal challenges to tropical 
reptiles. Already forced to remain 
inactive in shaded shelters for most 
of the day to avoid lethal ambient 
temperatures, such animals may have 
fewer and fewer opportunities for 
activity in a warming world. In species 
where sex is determined by incubation 
temperature, increasing nest 
temperatures may shift offspring sex 
ratios and affect population growth. 
Modern reptiles are the results 
of millions of years of evolution 
and comprise a diverse suite of 
lineages with intricate adaptations 
to a low-energy lifestyle. Freed 
from the energy-guzzling demands 
of endothermy, a myriad array of 
shapes, sizes and ecologies have 
evolved in reptiles. Even within a 
single lineage, the reptiles range 
from tiny pond turtles to giant 
Galapagos tortoises; from dwarf 
caimans to 6 m saltwater crocodiles; 
from 1 g geckos to 150 kg Komodo 
Dragons; and from tiny wormsnakes 
that feed on ant eggs to anacondas 
that eat capybaras. In many parts 
of the world, reptiles comprise a 
high proportion of all terrestrial 
vertebrate species. As we ponder 
the challenges of conservation 
in a changing world, we need to 
find solutions that work for these 
remarkable creatures. 
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